Abstract We explored digit coordination during the acceleration phase of a quick lifting movement of a handheld horizontal object. We tested three hypotheses related to: (1) the scaling of mechanical variables produced by the hand with changes in the external load, torque, and moment of inertia; (2) changes in the safety margin for the thumb with both the loading conditions and acceleration; and (3) changes in the indices of synergies. The subjects held a horizontal handle with a prismatic grasp (the thumb acted on top of the handle) and performed series of ''very quick'' lifting movements to a visual target. Multi-digit synergies were quantified as co-variation indices among elemental variables (forces and moments produced by individual digits). The resultant force scaled with the external load but not torque, while the grip force scaled with the external torque but not load. The safety margin dropped with an increase in acceleration; it also showed changes with the external torque and moment of inertia. Total moment of force was primarily produced by the tangential forces (over 80 %) across all movement phases and loading conditions. The index and little fingers produced close to zero moment with their normal forces, while the middle and ring fingers produced consistent moments due to the reproducible shifts of their centers of pressure. Synergy indices at the upper level of the assumed hierarchy (the task is shared between the thumb and virtual finger-an imagined digit with the action equal to that of the four fingers combined) did not drop with acceleration for the three force vector components and one of the moment vector components. They did drop with acceleration at the lower level (virtual finger action is shared among the four fingers). There was a trade-off between synergy indices computed at the two levels for the three force vector components, but not for the moment of force components. We confirmed specialization of different fingers with respect to different task components in quick manipulation tasks. The findings have implications for hypotheses on the control of voluntary movements involving redundant sets of effectors. Within the referent configuration hypothesis, components of a referent configuration may be adjusted to task mechanical characteristics using simple scaling rules. The neural organization of multi-digit synergies in a hierarchal system is able to selectively protect synergies related to stabilization of some performance variables from detrimental effects of the rate of change of those variables. A large number of apparently redundant elemental variables are not the source of additional computational problems but may be beneficial, allowing the central nervous system to facilitate synergies at both levels of the hierarchy.
Introduction
One of the main functions of the human hand is to manipulate objects. Commonly, it is necessary to keep orientation of the object constant during the action, for example when moving a mug filled with coffee. This is not a trivial task because hand-held objects differ in their mass and center of mass location. At the level of mechanical analysis, such tasks may be viewed as associated with two subtasks: (1) applying manipulation forces that produce the required action and (2) applying time-varying forces that balance the motion-dependent changes in the external torques to prevent changes in the object orientation.
Most earlier studies addressed manipulation of objects oriented vertically grasped using either a prismatic or a tripod grasp Baud-Bovy and Soechting 2001; Gentilucci et al. 2003; Shim et al. 2005) ; only a few considered manipulation of objects with different orientations (Pataky et al. 2004; Gao et al. 2005; Zatsiorsky et al. 2005) . Recently, we have described major differences in the coordination of digits during static tasks while holding a horizontally oriented handle with a prismatic grip against various external loads and torques (Wu et al. 2012 ). This study continues exploration of how humans manipulate such objects.
Lifting a hand-held object in the vertical direction requires coordinated rotations in arm joints. While the desired object motion in the external space may be translational, the associated joint rotations raise a question: Which of the following three time-varying external variables define characteristics of the mechanical action: external load, torque, or object's moment of inertia? We hypothesized (Hypothesis-1) that resultant force and resultant moment of force would scale with corresponding external variables, load and torque. It is harder to make predictions with respect to variables that are not explicitly prescribed by the task such as grip force (internal force applied normal to the object surface), safety margin (proportion of the normal force above the minimal level required to avoid slippage), and indices of co-variation among elemental variables (synergy indices). It should be noted that many studies have explicitly stated or implicitly assumed that keeping the safety margin constant is a priority of the central nervous system that defines the coupling between the normal and tangential forces (cf. Johansson and Westling 1988; Burstedt et al. 1999; Cole et al. 1999; Flanagan et al. 1999; De Freitas et al. 2009 ). The idea of signal-dependent noise (Harris and Wolpert 1988) suggests that during the acceleration phase of a fast movement, variance of the tangential force increases with its magnitude. So, our Hypothesis-2 was that the safety margin would increase during object acceleration to ensure comparable safety.
When all five digits produce forces on the object, for example, as in the prismatic grasp, the number of constraints associated with typical tasks is smaller than the number of mechanical variables produced by the digits, three force components, and three moment components per digit (elemental variables). We assume that patterns of elemental variables reflect a strategy of uniting these variables into groups with co-variation among the variables within a group that helps reduce variance of (stabilize) their combined output. This assumption follows the principle of abundance (Gelfand and Latash 1998; Latash 2012 )-a particular way of dealing with apparent problems of motor redundancy (Bernstein 1967) . Co-variation patterns among elemental variables have been addressed as prehension synergies (Zatsiorsky and Latash 2008) . As in many earlier studies, we assume that the control of the human hand may be viewed as based on a two-level hierarchy (Arbib et al. 1985; Latash and Zatsiorsky 2009) : At the upper level (VF-TH level), the task is shared between the thumb and the virtual finger (VF, an imagined finger with the mechanical action equal to that of the four fingers combined), while at the lower level (IF level) , the VF action is shared among the individual fingers.
Several earlier studies reported a drop in the synergy index (index of co-variation of elemental variables) with an increase in the rate of change of the performance variable for which the index was computed Goodman et al. 2005; Friedman et al. 2009; Skm et al. 2010) . In this study, we explored whether natural changes in the rate of different variables associated with the lifting action are related to a drop in the synergy indices computed for those variables at the VF-TH and IF levels. Several reports of a trade-off between synergy indices at the upper (VF-TH) and lower (IF) levels suggest that a drop in a synergy index at one of the levels may be associated with an increase in the corresponding synergy index at the other level (Gorniak et al. 2007 (Gorniak et al. , 2009 ). It should be noted that performance variables produced by the hand and by the VF separately show parallel changes in their rates of change during a quick lifting action. Hence, our Hypothesis-3 is that some of the synergy indices may not show a drop during the increase in the rate of the corresponding performance variable.
Methods
The current study used the same methods and subjects as the earlier study of static prehension (Wu et al. 2012) . Hence, here, we present only a brief description of the methods.
Subjects
Nine right-handed healthy subjects, 27 ± 1.1 years of age (7 males and 2 females), were recruited. None of the subjects had a history of long-term involvement in hand or finger activities such as playing musical instruments. All subjects gave informed consent according to the procedures approved by the Office for Research Protections of the Pennsylvania State University.
Apparatus
Subjects held a handle (total mass was 0.35 kg, Fig. 1a ) instrumented with force sensors (model Nano 17-R; ATI Industrial Automation, Apex, NC, USA), and an electromagnetic tracking device (Polhemus LIBERTY, Colchester, VT, USA). Weights could be attached to the handle to create external loads and torques. The local coordinate (x, y, and z) of each sensor was parallel to the global coordinate (X, Y, and Z), Fig. 1b . All sensor centers were in the same plane, the grasp plane, and the grip width (along z-axis) was 6.25 cm. The center of the thumb sensor was aligned with the mid-point between the middle and ring fingers sensors on the opposite side of the handle. All contact surfaces were covered with sandpaper (320 grit) to provide extra friction.
A computer with a 19 00 monitor and customized software (LabVIEW 9.0, National Instruments, Austin, TX, USA) was used to collect data and to render visual feedback on the handle orientation. All measurements from the force sensors were collected via a 16-bit data acquisition card (NI PCI-6225, National Instruments, Austin, TX, USA) installed in the computer. The measurements of the tracking device were taken using a USB 2.0 interface. The sampling rate was 100 Hz for all signals.
Procedure
The subject sat in front of the monitor with the upper arm naturally hanging down and the forearm parallel to the ground and the hand supine and pointing forward. The subject was then instructed to lower the wrist to a position about 20 cm below the previous posture with a combined wrist and elbow extension motion. Data collection began after the subject reported that he/she was comfortably holding the handle as instructed. In all trials, the subject held the handle for 3 s (static-hold phase) under the instruction to maintain its orientation horizontal. The visual feedback on the computer screen showed the orientation of the handle. After 3 s, a sound signal was given and the subject lifted the handle in a self-paced manner to a target 20 cm above the initial position with an elbow flexion movement ''as quickly as possible.'' Once reaching the target height, the subject held the handle statically until the end of the trial. The trial duration was 6 s. After the data collection stopped, the experimenter held the handle and the subject had a 20-s rest interval. There were also 5-min breaks between conditions. The order of conditions was pseudorandomized, and the total duration of the experiment was about 1.5 h.
The experimental conditions were designed to compare the effects of mass, external torque, and the rotational moment of inertia (denoted as I). The conditions were I M1L1 , I M1L2 , I M1L3 , I M2L2 , I M3L1 = [0.014, 0.021, 0.027, 0.033, 0.064] Nm 2 with respect to the Y-axis of the handle, where the subscripts denote, respectively, the object mass (three levels: M1, M2, and M3 = 0.1, 0.2, and 0.3 kg) and the distance from the center of the handle to the load (three levels: L1, L2, and L3 = 0.08, 0.16, and 0.24 m). The , and m z are the local moments with respect to local x-, y-, and z-axes of each sensor. The square object on the top of the handle shows the location of the sensor of the Polhemus system used for angular feedback. The cylinder on the far side of the handle represents a weight that counterbalanced the torque created by the Polhemus sensor with respect to a horizontal axis (in X direction) passing through the center of the thumb sensor Exp Brain Res (2012) 222:277-290 279 moment of inertia was estimated with respect to the geometrical center of the handle along the global Y-axis. We selected only five mass-distance combinations to minimize fatigue and to have an opportunity to compare conditions with the same mass and different torques (M1L1, M1L2, and M1L3) and with the same torque and different masses (M1L3 and M3L1). Twenty trials were performed in a single block for each of the five conditions.
Data processing
The data were processed off-line using customized LabView software (National Instrument, Austin, TX, USA). All force and position data were low-pass filtered at 30 Hz with the second-order, zero-lag Butterworth filter before further processing. The time derivatives of the resultant vertical force (the resultant normal force acting on the handle, F n RES ) and of the vertical displacement were further low-pass filtered at 5 Hz.
All force and position data were time aligned to the lifting onset (T 0 ) defined as the instant when the derivative of F n RES reached 5 % of its maximum peak value in that particular trial. Further, the time of peak F n RES during the movement was defined (T MAX ), as well as the half-time (T HT ) between T 0 and T MAX . Movement time (MT) was defined as the period between lifting onset and termination. The time of movement termination was determined as the time when the vertical velocity of the handle dropped to 5 % of the maximum vertical velocity in that particular trial.
All force and position data were measured at three times, T 0 , T HT , and T MAX . Based on the small deviations of the handle from the original orientation (presented in ''Results,'' Table 1), we assumed that the handle remained horizontal at least until T MAX . The center of pressure (COP) coordinates for individual digits with respect to the center of the handle were computed as
, where m is a local moment of force measured by the sensor, F is the digit force, Y is the global Y-coordinate of each sensor, X and Y indicate global coordinates, and subscript j denotes digits (j = {TH, I, M, R, and L} referring to the thumb, index, middle, ring, and little fingers, respectively). Six constraints of the forces applied on the handle at any given time before T MAX were as follows:
where j = {TH, I, M, R, and L}; w is the total weight of the object; T is the external torque; m is a local moment of force; M is moment of force and F is digit force; d is the distance along Z-axis from the center of the handle to the contact surface of a sensor; subscripts X, Y, and Z show the direction of a vector; superscripts t and n denote tangential and normal forces. The resultant normal force (F n RES ) was calculated as
The grip force (F GRIP ) was estimated as the sum of the absolute magnitude of all digit forces in Z direction minus the F n RES . Sharing of M Y was computed as
where j = {TH, I, M, R, and L}, i denotes the direction of force inducing the moment (i = n or t).
The mechanical effects of the virtual finger (VF) were computed as the summed-up mechanical effects of the four fingers (I, M, R, and L), that is,
h i where i = {X, Y, and Z}, and j = {I, M, R, and L}. The VF center of pressure (COP VF ) was calculated as: COP 
nterio-posterior (X) 0.14 cm ± 0.02 cm 1.02 cm ± 0.10 cm
Medio-lateral (Y) 0.11 cm ± 0.01 cm 0.38 cm ± 0.04 cm Deviations of the handle orientation and position from steady state at T HT and T MAX are shown (means across conditions and subjects with standard errors)
, where d is the lever arm equal to the half of the grip width.
The safety margin (SM) was defined as:
where l s is the coefficient of static friction between the fingertip and the grasping surface (defined as a function of normal force, see Wu et al. 2012) . Multi-digit synergies were quantified as the co-variation (across trials) among elemental variables (EV) produced by each digit. The index of synergies was computed as:
At the VF-TH level, EVs were the variables produced by the VF and TH. At the IF level, the variables produced by individual fingers within the VF were EVs. It should be noted that DV VF-TH ranges from -1 to 1, and DV IF ranges from -3 to 1. Before statistical parametric analyses, DVs were subjected to the modified Fisher's z-transform,
, where B L is the lower limit and B U is the upper limit of DV.
Statistics
The descriptive statistics are presented as means and standard errors in the text and figures. Repeated measures analyses of variance (rANOVAs) and multivariate analyses of variance (MANOVAs) were performed using SPSS software (SPSS 19, IBM, Somers, NY, USA). One-way repeated measures ANOVAs were conducted on the MT, T MAX with the factor MOI (moment of inertia: five levels).
We investigated the effects of mass, torque, and MOI on the variables (F n RES , M Y , F GRIP , and SM) across the three phases (T 0 , T HT , and T MAX ). Because of the limited set of experimental conditions, four different analyses were performed across subsets of conditions. Two-way ANOVAs Phase (three levels) 9 MOI (five levels) were conducted to check the overall effects of movement phases and moment of inertia on F n RES , M Y , F GRIP , and SM Z (Fisher-transformed SM). Two-way ANOVAs Phase (three levels) 9 Torque (three levels) were used to identify the effects of phases and torques on the same four variables across the low mass conditions (M 1 L 1 , M 1 L 2 , and M 1 L 3 ). Finally, two-way ANOVAs Phase (three levels) 9 Mass (two levels) were used to check the effects of mass across two torque levels:
A two-way MANOVA was performed on the COP in anterio-posterior direction (COP X ), and two MANOVAs Phase (three levels) 9 MOI (five levels) were performed on DV Z .
Results

General characteristics of the action
Across conditions and subjects, the average movement time (MT) was 694 ± 14 ms and the average time to peak resultant normal force (T MAX ) was 175 ± 5 ms. While the lifting motion was unconstrained, all subjects performed the task consistently across conditions, with relatively minor deviations of the handle orientation and minor translations along the non-vertical directions. Averaged across subjects' rotational and translational deviations of the handle from the steady state are presented in Table 1 for T MAX and half of that time from movement initiation (T HT ). Note the small values of all the variables. . Note that the limited set of masses and lever arms in the study did not allow using a single ANOVA to analyze the effects of mass, torque, and moment of inertia (MOI). Hence, we used two-way repeated measures ANOVAs on F n RES across subsets of conditions. The ANOVAs explored the effects of MOI, mass, and torque across the three phases (for details see ''Methods''). F n RES increased during the acceleration phase (main effect of Phase: F (2, 16) [ 46.965, p \ 0.01); it was higher for conditions with higher mass (main effect of Mass: F (1, 8) [ 84.568, p \ 0.01) and for conditions with higher MOI (main effects of MOI: F (4, 32) = 258.708, p \ 0.01). In contrast, there was no main effect of Torque. There were also significant interactions Phase 9 MOI: [F (8, 64) = 8.990, p \ 0.01] and Phase 9 Mass: [F (2, 16) = 21.107, p \ 0.01] for the large external torque conditions (T EXT = 0.30 Nm) but not for the small external torque (T EXT = 0.22 Nm) conditions. The interactions were due to the fact that F n RES increased faster across the three phases for objects with larger mass (but not for objects with larger torque and the same mass).
The grip force (F GRIP ) was estimated as the sum of the absolute values of normal forces of all the digits minus F n RES . F GRIP showed an increase during the handle acceleration (main effect of Phase: F (2, 16) [ 37.612, p \ 0.01); it was higher for higher external torques (compare M 1 L 1 and M 1 L 3 in Fig. 4c ; effect of Torque: F (2, 16) = 91.737, p \ 0.01), but there were no significant effects of mass (similar values for M 1 L 1 and M 3 L 1 in Fig. 4c ). The interaction effects were significant for Phase 9 MOI: [F (8, 64) ). Note that there was no systematic trend for any of the variables with MOI (F n RES and F GRIP data are shown in Fig. 5 ). In particular, the M 1 L 2 and M 1 L 3 conditions that were associated with the largest MOI magnitudes showed a drop in F n RES and a non-monotonic change in F GRIP . Pair-wise comparisons with Bonferroni corrections confirmed significant differences in F n RES among conditions with different masses (M 1 L 1 , M 2 L 1 , and M 3 L 1 ; p \ 0.01) but not across the three conditions with the same mass but large differences in MOI (M 1 L 1 vs. M 1 L 2 and M 1 L 3 ). There were no significant differences in F GRIP and M Y (not illustrated) between conditions M 2 L 1 and M 1 L 2 , while there were large MOI differences. In contrast,
Safety margin of the thumb
The safety margin (SM) was defined as the relative amount of additional normal force above the minimal value required to prevent slippage given the actual tangential force (see ''Methods''). SM decreased in the course of 0 ± 0.6 %, 15.6 ± 0.4 %, 14.7 ± 0.6 %, 9.8 ± 0.5 %, 14.5 ± 0.5 %]. Across all phases, conditions, and subjects, the tangential force (M t ) generated, on average, 84.8 ± 0.7 % of M Y TOT . Figure 7 illustrated the sharing pattern across digits for two force directions M t and M n . Note that the lever arm of the tangential forces was constant. In contrast, the lever arm of the normal forces could change with changes in COP X computed with respect to the handle center. COP X average values across conditions and subjects for each digit are illustrated in Fig. 8 . Note relatively large, consistent COP X displacements for the Thumb, M and R fingers, while these were close to zero for the I and L fingers. There were relatively minor COP X adjustments in the course of the handle acceleration: Only the index finger showed significant adjustments from T 0 to T MAX (main effect of Phase, F (2, 120) = 3.725, p \ 0.05), but the magnitude of those adjustments was small (Fig. 8) . No other effects were found.
Multi-digit synergies
Co-variation indices (DV) were computed for elemental variables (forces and moments of force produced by individual digits) across trials at the two assumed hierarchy levels, VF-TH and IF (see ''Methods''). Figure 9 shows TOT produced by the normal and tangential forces of the five digits. Averages across conditions and subjects are shown with standard errors. TH-thumb; I, M, R, L-index, middle, ring, and little fingers, respectively. Note the close to zero moments produced by the normal forces of I and L, while these fingers produced relatively large moments by their tangential forces averaged DV indices across subjects for all six components of the force and moment of force vectors at both levels, VF-TH (a, b) and IF (c). The indices were predominantly positive corresponding to negative co-variation of elemental variables at both levels, that is, synergies stabilizing the performance variables. Two two-way MANOVAs on DV Z (DV values after Fisher transformation), Phase 9 MOI, across all six mechanical variables were performed at the VF-TH and IF levels. At the VF-TH level, some of the DV indices decreased after the lifting onset. While the DV indices for three force vector components and M X showed consistently large positive values, the values for the other two moment of force components, M Y and M Z , dropped and even could become negative at T HT and T MAX (effect of Phase: F (12, 230) = 41.346, p \ 0.01). Figure. 9b shows the values of DV averaged across the phases in the ascending order for MOI. The DV values of F X and F Z increased (effect of MOI: F (24, 402) = 3.288, p \ 0.01), while all the other variables showed no MOI effects on DV.
At the IF level, all components, except F Z , showed positive DV value for the three phases. For F Z , DV was consistently negative. All the indices decreased after the lifting onset (effect of Phase: F (12, 230) = 18.519, p \ 0.01).
Further, we explored the relations between DV indices computed at the two levels of the assumed hierarchy. Figure 10 illustrates the DV values after Fisher transformation (DV Z ) for the three force components (a, c, e) and for the three moment of force components (b, d, f) at the three movement phases (T 0 , T HT , and T MAX ). Data averaged across subjects under different conditions are (2012) 222:277-290 285 presented. Note the negative correlations between the DV Z indices computed at the VF-TH and IF levels for the three force components over the movement phases: Higher DV Z values at one level corresponded to lower DV Z values at the other level. In contrast, positive correlations between the indices computed at the two levels were seen for the three moment of force variables.
Discussion
Our analysis of mechanical variables was limited to the early phase of the action, from steady state to peak acceleration. Corrective actions based on the actual movement kinematics were impossible at two of the selected instants, T 0 and T HT peak F n RES , which happened at about 87 ms after the movement initiation. Such actions were also unlikely at the time of peak acceleration (T MAX , 175 ms after the movement initiation), given that no perturbation happened during the movement (cf. Fishbach et al. 2007 ). The similarity of trends for all the outcome variables from T 0 to T HT and from T HT to T MAX suggests that no online corrections took place and that the observed patterns reflected feed-forward control based on the perceived load before the movement initiation and memory from previous trials.
The results have confirmed our Hypothesis-1 that resultant force and resultant moment of force would scale with the corresponding external variables, load and torque, as expected from classical mechanics. This is not surprising given that the movement kinematics were highly consistent across conditions (see, for example, Fig. 3d) . Note that such a consistency is not a trivial fact: The subjects were instructed to move the handle as quickly as possible; nevertheless, they scaled the applied forces and moments of force with the external load/torque to perform movements approximately within the same time. In terms of the dual-strategy hypothesis ), while the instruction was typical of the speed-insensitive strategy (Gottlieb et al. 1990) , the subjects used a speed-sensitive one ). This result shows that behaviors during unconstrained movements may not follow the rules established for highly constrained tasks, such as those that formed the foundation of the dual-strategy hypothesis.
The lack of consistent effects of moment of inertia on the resultant moment of force may be viewed as a reflection of the fact that the subjects successfully avoided rotating the handle during the task performance. Grip force and safety margin both scaled with the external torque but not mass. These results are less trivial and will be discussed later. Safety margin showed major changes with the loading conditions and it dropped in the course of the movements (when acceleration increased). This result refutes our Hypothesis-2 that safety margin would increase during the movement. Hypothesis-3 predicted that some of the synergy indices might not show a drop during the increase in the rate of the corresponding performance variable. Indeed, we found that several mechanical variables were strongly stabilized by multi-digit synergies and the synergy index did not drop with the rate of change of those variables. This result contradicts several previous studies Friedman et al. 2009; Skm et al. 2010 ) on changes in the synergy index with the rate of change of the variable for which the index was computed. We also found trade-offs between synergy indices at the two levels of the assumed hierarchy for force variables only but not for moment of force variables (cf. Gorniak et al. 2009; Wu et al. 2012 ). Further, we discuss implications of these results for the control of a quick lifting action and multi-digit synergies.
Mechanics and control with referent configurations
While the resultant normal force changed with mass but not with external torque, the grip force changed with external torque but not with mass. Note that the grip force was computed as the internal force, that is, the sum of the absolute magnitudes of all digit forces minus the resultant. While both the resultant and the grip forces were computed from the same set of normal digit forces, the difference in their scaling with the two loading factors suggests that they were controlled as independent variables.
These observations fit the ideas of the referent configuration hypothesis (Feldman and Levin 1995) . According to this hypothesis (which is a generalization of the equilibrium-point hypothesis, Feldman 1966), the neural control of actions is associated with sending control signals to groups of neurons that define a set of referent values for salient task-related coordinates (given the external force field) referred to as the referent configuration. Actual forces and displacements depend on the external loading conditions. It has been suggested (Pilon et al. 2007; Latash 2010) that the control of prehensile actions is associated with setting a magnitude of referent aperture, which results in the generation of equal and opposing grip forces because the rigid walls of the handle do not allow the digits to move toward their referent coordinates. In addition, the location of the central point of the referent aperture may be shifted resulting in net force production in one of the directions.
This mechanism of control is illustrated in Fig. 11 , which shows the forces generated by two opposing digits (thumb and VF) and the location (AP CTR ) and size (AP REF ) of the referent aperture. Note that changes in AP CTR produce changes in the resultant force, while changes in AP REF produce changes in the grip force. The referent configuration for this component of action may be viewed as consisting of two components, AP REF and AP CTR . Our results suggest that the former value was adjusted to the external torque, while the latter one was adjusted to external load (mass). Note that changes in AP REF produce equal changes in the referent position for the opposing digits, resulting in changes in the normal digit forces of equal magnitude. These forces play two roles, generating the moment of force by the normal forces and providing sufficient friction to generate tangential forces that were responsible for over 80 % of the total moment of force. It is not surprising, therefore, that AP REF and the ensuing changes in the grip force changed with the external torque and were relatively immune to changes in the load. Changes in AP CTR produced resultant normal force, which naturally correlated with load, not with torque.
The observed adjustments of the normal and tangential forces across conditions and during the three phases of the action show that the safety margin (SM) was not kept constant. It could drop by 25-30 % both across the conditions (compare M 1 L 1 and M 1 L 3 ) and across the movement phases (compare T 0 and T MAX for M 1 L 3 ). These observations speak against the hypothesis that co-adjustments of the normal and tangential forces during manipulation are organized to keep SM constant (Johansson and Westling 1988; Burstedt et al. 1997 Burstedt et al. , 1999 Cole et al. 1999; Flanagan et al. 1999; De Freitas et al. 2009 ). They suggest that the relation between the magnitudes of the normal and tangential forces can change to fit specific task conditions. Note that the observed drop in the safety margin in the course of the movement is counter-intuitive. Indeed, the idea of signal-dependent noise (Harris and Wolpert 1988) suggests that an increase in the applied tangential forces seen during the acceleration phase was likely associated with an increase in variance of those forces. This asks for a larger SM to ensure comparable safety of the action across all phases. The observed smaller values of SM suggest that during the movement, the system operated closer to the slippage point (see also Zatsiorsky et al. 2005) .
Finger specialization in moment production
Most earlier studies with holding a vertically oriented object reported nearly equal moments of force produced by the normal and tangential digit forces (Zatsiorsky et al. 2003a, b) . In a recent study (Sun et al. 2011) , the share of the total moment produced by the normal forces was even higher than 50 %. In contrast, in the current study, as well as in a related study with static tasks (Wu et al. 2012 ), tangential forces produced over 80 % of the total moment of force. This sharing could be due to the unequal moment arms that were higher for the tangential forces and were limited for the normal forces by the small displacements of the COP of individual digits. Several earlier studies of prehension tasks with a vertically oriented handle led to a conclusion that the middle finger pair (middle and ring fingers) was primarily involved in supporting the load, while the lateral finger pair (index and middle fingers) was primarily responsible for generating rotational action (Zatsiorsky et al. 2002 (Zatsiorsky et al. , 2003b . This could be due to the fact that the lever arms for the normal forces of the I and L fingers with respect to rotation about the transverse axis of the handle (X-axis) were much larger than those for the M and R fingers. In contrast, in our experiment, all four fingers had equal or similar lever arms for resisting the external torque (acting about the Y-axis). Nevertheless, finger specialization persisted: Only the M and R fingers produced consistent moments of force with normal forces due to consistent, non-zero COP shifts. In contrast, the lateral fingers (I and L) showed a close to zero net COP shift in the X direction and, as a result, their normal forces produced close to zero moments. These observations suggest that finger specialization persists even when changes in the mechanical conditions do not favor it.
The sharing of the total moment between the thumb and VF and across the individual fingers did not depend on loading conditions and persisted through the three movement phases. This result suggests that the neural controller may simplify the control of the tasks by using a single default solution across conditions and phases. This solution may consist of selecting a particular direction of force vectors for the digits and scaling them with loading conditions and movement phase as needed by the task mechanics. Using such a rule for the generation of forces is compatible with the referent configuration hypothesis (see above). Indeed, shifting a referent coordinate for the tip of a digit along a straight line is associated with the generation of force vectors with proportional changes in their tangential and normal components. If this rule is applied to all digits, a standard sharing may be expected between the contributions of the normal and tangential forces to the total moment of force (assuming no changes in the lever arms-a safe assumption for our data, see Fig. 8 ).
Multi-digit synergies
Similar to earlier studies, we quantified prehension synergies at the two assumed hierarchical levels (VF-TH and IF) as co-variation indices of elemental variables across repetitive trials (reviewed in Latash et al. 2007; Latash and Zatsiorsky 2009 ). Overall, high synergy indices confirmed that the components of the resultant force and moment of force were stabilized at both levels. One notable exception was the synergy index for the normal force quantified at the IF level: As in several earlier studies (Gorniak et al. 2009; Wu et al. 2012) , we observed no synergies stabilizing the normal force produced by the VF.
Several earlier studies documented a drop in the synergy index with the rate of change of the corresponding variable. The rates of change of most variables differed significantly across the three movement phases (see Figs. 2, 3) . Nevertheless, several synergy indices showed no changes across the three phases. This observation is not readily compatible with an earlier model on the origins of synergy indices during fast actions (Goodman et al. 2005) . According to this model, variability in each elemental variable is defined by variance in two parameters related to the magnitude and timing of that variable. Within the model, the lack of co-variation among the timing parameters for individual elemental variables resulted in lower synergy indices at high rates of change of the performance variable (see also Latash et al. 2002) . In our experiments, the expected drop in the synergy indices at the VF-TH level was seen for M Y and M Z only, while all the force vector components and M X showed no decrease in the indices with movement. In contrast, at the IF level, synergy indices for all the force and moment variables dropped at T HT as compared to T 0 . At this time, we cannot offer an unambiguous interpretation for these contrasting results. It is possible that for some performance variables, the central nervous system is able to arrange co-variation of the timing parameters to elemental variables (cf. Latash et al. 2004 ) that makes variance immune to rate of change of the variables. It is also possible that another mechanism compensated for the seemingly unavoidable drop in synergy indices with speed of change of the variables.
Several earlier studies documented a trade-off between synergy indices computed at the two hierarchical levels (Gorniak et al. 2007 (Gorniak et al. , 2009 ). Indeed, using highly variable combinations of elemental variables to produce the same performance variable at the upper level leads to a very high synergy index. But the same high variability of the VF output hurts synergy index at the lower level. Studies of static prehension have shown that the trade-off is inherent to some of the variables but not to others (Gorniak et al. 2009; Wu et al. 2012) . Our results confirm this conclusion for synergies associated with quick manipulation tasks. Indeed, we observed such trade-offs for force components, but not for moment of force components (Fig. 10) .
The following interpretation has been offered for a similar set of results in a study with static prehension (Wu et al. 2012) . For all the force variables, at the VF-TH level, the number of elemental variables was always two, while all the moment variables got contributions from both normal and tangential forces produced by each digit. Besides, lever arms of the forces could also be modified. So, the magnitudes of forces produced by the thumb and VF had to co-vary to produce force-stabilizing synergies but they might not co-vary to produce moment-stabilizing synergies. For example, such synergies could be produced by co-varied contributions of the normal and tangential forces within each digit. The availability of such a strategy allows organizing synergies at two levels within a two-level (multi-level) hierarchy that do not compete with each other but may actually show parallel changes with task conditions (see positive correlations for the moment-related synergy indices in Fig. 10 ). The issue of the organization of synergies within a hierarchical system has been discussed in a recent target article (Latash 2010 ) and associated commentaries; this issue is central in the attempts to link the idea of synergic control to the referent configuration hypothesis of motor control.
Concluding remarks
Our study has led to both predictable and unexpected results. Among the latter, we would like to reiterate the following.
First, despite the instruction to move ''as quickly as possible,'' the subjects scaled command to the digits with the external loading condition to produce nearly identical kinematics. This result stands in stark contrast to the observations of patterns typical of the speed-insensitive strategy under similar instructions when the subjects performed constrained tasks.
Second, safety margin was not kept constant across conditions and it dropped during the action. This means that co-adjustments of the normal and tangential forces during object manipulation are task-specific and may lead to a drop in the safety cushion during the movement.
Third, the scaling of different components of the normal forces (such as the resultant and grip force) with load and torque fits well the idea of control with referent configurations. It suggests that different components of a referent configuration (such as those illustrated in Fig. 11 ) are adjusted to different characteristics of the external conditions. The data also suggest that a simple general rule may be used to adjust the action to the external conditions. Fourth, we confirmed specialization of different fingers with respect to different task components for quick manipulation tasks. The results are similar to those reported for static prehensile tasks and suggest that finger specialization is a general feature common across a variety of tasks.
Fifth, the neural organization of multi-digit synergies in a hierarchal system shows intriguing, sometimes unpredictable, behaviors. The lack of effects of the rate of change of performance variables on synergy indices remains unexplained. The observations of the trade-off between the synergy indices computed at the two hierarchical levels for the force variables but not for the moment of force variables suggest that the degree of redundancy (the number of excess elemental variables) at the higher level of the hierarchy may allow the controller to facilitate synergies at both levels of the hierarchy.
In conclusion, we would like to emphasize the main implications of the results for theories of the neural control of movements involving redundant sets of elements. We view the referent configuration hypothesis as the only productive framework to analyze redundant (rather abundant, Latash 2012) systems. Within this hypothesis, our results suggest that components of a referent configuration may be adjusted to task mechanical characteristics using simple scaling rules thus avoiding computations (or simulations) of the numerous complex input-output relations within the human body and between the body and the environment. The referent configuration hypothesis suggests a plausible mechanism of emergence of multi-element synergies stabilizing potentially important performance variables (Latash 2010) . Our results suggest that such a mechanism is able to selectively protect synergies related to stabilization of some performance variables from the seemingly unavoidable detrimental effects of the rate of change of those variables. We do not know how this is achieved, and this is potentially the most intriguing result that requires further investigation. Our results corroborate an earlier hypothesis (Wu et al. 2012 ) that large numbers of apparently redundant elemental variables are not the source of additional computational problems for the central nervous system but may be beneficial allowing to facilitate synergies at both levels of the hierarchy.
